Dementia is associated with severe spatial memory deficits which arise from dysfunction in 1 hippocampal and parahippocampal circuits. For spatially-sensitive neurons, such as grid cells, 2 to faithfully represent the environment these circuits require precise encoding of direction and 3 velocity information. Here we have probed the firing rate coding properties of neurons in 4 medial entorhinal cortex (MEC) in a mouse model of tauopathy. We find that grid cell firing 5 patterns are largely absent in rTg4510 mice, while head direction tuning remains largely intact. 6
Introduction 13
Accurate spatial navigation requires the integration of sensory information to generate neural 14 representations of space. Various high-level representations of the external environment are 15 expressed at a single cell level within the extended hippocampal formation (hippocampus 16
proper, dentate gyrus, entorhinal cortex and subiculum) and connected brain areas, regions 17 well known to be critical for spatial memory. For example, place cells in the hippocampus fire 18 action potentials in specific spatial locations 1 , whilst grid cells in the medial entorhinal cortex 19 (MEC) fire in a highly organised, hexagonally distributed spatial pattern across an 20 environment 2,3 . These directly spatially-sensitive neurons are collocated within the MEC with 21 other functionally defined cell types, including head-direction 4-7 , speed 8,9 and border cells 10, 11 . 22
Together these are thought to provide the crucial computational information required for 23 effective path integration, the process of using idiothetic cues to continuously calculate update 24 positional information 12 . 25
26
Patients with Alzheimer's disease (AD) and other dementia-spectrum disorders exhibit 27 profound disruption in spatial navigation and memory, even at very early stages of the 28 diseas [13] [14] [15] [16] [17] . At a pathological level, misfolded tau deposition typically occurs first in the 29 entorhinal cortex and hippocampus 18 . Taken together, these clinical signs strongly implicate 30 pathology-induced circuit-level dysfunction in the hippocampal formation as a key early-stage 31 functional deficit in AD. In this regard, there is substantial evidence from transgenic mouse 32 models that dementia pathologies, such as β-amyloid deposition (Aβ) and 33 hyperphosphorylation and misfolding of tau can disrupt the intrinsic properties [19] [20] [21] [22] and 34 synaptic microcircuits 23-25 of pyramidal cells in CA1 of hippocampus. Furthermore, there is 35 growing evidence that place cells in the CA1 region of APP and tau overexpressing mice have 36 reduced spatial-sensitivity 19, 26, 27 , strongly suggesting a failure of some aspects of the upstream 37 functional circuits involved in spatial cognition. Recent evidence suggests that the circuits 38 required for generation of theta and gamma frequency oscillations in the dorsal entorhinal 39 cortex are especially prone to dysfunction in a mouse model of tauopathy (rTg4510 mice) 28 . 40 encoding in the MEC of rTg4510 mice may underlie deficits in grid cell function. Using high-48 density silicone probes and tetrode recording approaches in freely moving animals, we report 49 that in both the medial entorhinal cortex and the CA1 region of the hippocampus, encoding of 50 speed information at both the local field potential and cellular level is substantially impaired. 51
We propose a model whereby such deficiencies in speed encoding networks result in loss of 52 grid cell firing patterns in the MEC. 53 54
Results 55
Tau pathology is associated with loss of oscillatory speed coding 56
Neural coding of spatial information is likely to require the precise representation of locomotor 57 speed 12,31-33 . Velocity information can be represented in the brain via the dynamic regulation 58 of the power and frequency of neuronal network oscillations in the theta and gamma frequency 59 bands [34] [35] [36] [37] [38] . We hypothesised that the profound deficits in spatial memory that occur in 60 response to tau pathologies 19,29,39 arise from impaired representation of locomotor speed in 61 the hippocampal formation, ultimately leading to deficits in the encoding of spatial information. 62
To examine this hypothesis we implanted multi-site silicone-based recording probes in the 63 dorsal MEC of male wildtype (WT) and rTg4510 mice (6-7 months). Following a post-surgical 64 recovery period, mice were encouraged to explore a familiar linear track, baited by food 65 rewards at either end to encourage running between the two ends, whilst connected to a multi-66 channel electrophysiological recording apparatus via a lightweight tether cable. 67 68 5 As expected, in WT mice, theta oscillation properties followed changes to locomotor activity 69 ( fig 1A/B ). Pooled data illustrate a clear relationship between running speed and theta 70 oscillation power (linear regression: R 2 =0.71, p<0.001, n=7 mice) and frequency (linear 71 regression: R 2 = 0.69, p < 0.001, n = 7 mice) ( fig 1Ci) . In contrast, in rTg4510 mice, theta 72 oscillation amplitude was poorly correlated with locomotor activity and remained at consistent 73 levels throughout recording sessions (linear regression: R 2 = 0.15, p = 0.02, n = 8 mice, fig  74   1Ci ). Importantly the overall Z-transformed correlation coefficient and slope relationships for 75 theta power-running speed relationships were significantly lower in rTg4510 mice when 76 compared to WT controls (2-way repeated measures ANOVA, see Table 1 and Figure 1D ). 77
Although less pronounced than in WT animals, peak theta frequency was correlated with 78 running speed in rTg4510 mice (linear regression: R 2 = 0.74, p < 0.01, n = 8 mice, Figure 1Cii ) 79 which, across the population was not significantly different from WT (Correlation (Z'); WT: 0.84 80 ± 0.24, rTg4510: 0.40 ± 0.14, unpaired T-test, p = 0.13, n = 7/8 mice), with no difference in the 81 slope of the frequency-running speed relationship (Correlation (Hz/cms -1 '); WT: 0.045 ± 82 0.0077, rTg4510: 0.037 ± 0.011, unpaired T-test, p = 0.53, n = 7/8 mice) . 83 84 Similar running speed modulation has been observed in both in the fast (60-120 Hz) and slow 85 (30-50 Hz) gamma frequency bands 36,37 . In WT mice, both fast and slow gamma oscillation 86 power was positively correlated with running speed (linear regression; fast gamma: R 2 = 0.90, 87 p < 0.001, n = 7 mice; slow gamma: R 2 = 0.17 p = 0.013, n = 8 mice), although the slope of 88 this association was greater for fast gamma frequencies (slow gamma: 27.1 ± 8.4 mV 2 /Hz.cm -89 1 , fast gamma: 80.6 ± 19.2 mV 2 /Hz.cm -1 ; 2-way repeated measures ANOVA; Table 1 and 90 Figure 1D ). rTg4510 mice did not show significant correlations for fast gamma frequency band 91 oscillations (linear regression; fast gamma: R 2 = 0.03, p = 0.67, n = 8 mice, Figure 1D ), but did 92 for slow gamma frequencies (R 2 = 0.43, p < 0.01, n = 8 mice, Figure 1D ). However, compared 93 to the WT population, this correlation was significantly lower only in the higher gamma 94 frequency range (2-way repeated measures ANOVA, Table 1 and Figure 1D , n = 7/8 mice). 95 96 6
Loss of grid rhythmicity in rTg4510 mice 97
Impairments to the theta oscillatory code for running speed may impair grid cell rhythmicity. 98
To establish whether this was the case, we used high density silicone probes to isolate a total 99 of 279 single-units in layer II/III of the dorsal MEC from 10 mice (WT:150 units from 5 mice, 100 rTg4510: 129 units from 5 mice). In this study we focused on the dorsal MEC, a subregion 101 which has previously been identified as being particularly vulnerable in this transgenic model 28 . 102
By performing post-hoc electrolytic lesions on each recording shank to identify probe location, 103
we were able to estimate individual unit location by determining the largest average waveform 104 along the 200 μm probe for each isolated unit. Importantly, estimated recording location was 105 not different between genotypes (Median distance from dorsal entorhinal border (interquartile 106 range (IQR)): WT: 350(350) μm, rTg4510: 385(275) μm, U = 9660, p = 0.77, Mann-Whitney U 107 test; Figure S1A ). Figure S1E ). 112
As in the CA1 region of the hippocampus 19 , rTg4510 cells also showed a pronounced 113 decrease in theta modulation of firing patterns (Median (IQR) theta modulation index: WT: 114 9.17 (13.9), rTg4510: 2.29 (2.81), U = 2296, p < 0.001, Mann-Whitney U, n = 150;129 units, 115 Figure S1C ). Individual units with a theta modulation index (TMI) greater than 5 40 were 116 assigned as 'theta modulated'. While the majority of WT MEC cells (65%) showed significant 117 theta modulation, only a small proportion (13%) passed threshold in rTg4510 mice (χ² (1) = 118 64.1, p < 0.0001, Chi-Square test, Figure S1D ). Extracellularly-recorded spike waveforms from 119 interneurons in the mEC have a significantly narrower spike widths when compared to 120 excitatory neurons 41 . The probability distributions of single units spike widths recorded from 121 the dorsal MEC in WT mice had a bimodal distribution ( Figure S1F ). Based on this distribution 122 and previously published work 41 , we classed units with spike widths <0.35 ms as putative 123 interneurons and those >0.35 ms as putative excitatory cells. Using this approach we found 124 that 47/150 units (31%) were classed as putative interneurons in WT mice, where as in 125 rTg4510 mice a significantly smaller proportion of units were classed as putative interneurons 126 (8/129 units, 15%; χ² (1) = 16.0, p < 0.001, Chi-Square test; Figure S1G ). 127
128
Consistent with the literature we found that ~1/4 of cells in the WT MEC had grid-like spatial 129 firing patterns in a 0.8 m x 0.8 m square arena. We calculated a grid score for each cell, based 130 on the rotational symmetry of the 2D-autocorrelations and found that 36/150 cells (24%) had 131 grid scores higher than the 95 th percentile of the distribution produced from shuffled spike 132 timestamps (threshold = 0.21; Figure 2B ). In contrast, in rTg4510 mice there was an almost Conversely, when measuring the spatial information content (SI) of recorded cells 42 , we found 140 that MEC neurons did not differ significantly between genotypes, either as a distribution (WT, 141 -0.05 (0.71), n = 150; rTg4510, 0 (0.24), n = 129 units; P > 0.05; Mann-Whitney U) or in the 142 proportion of cells that exceed threshold (WT: 10/150, rTg4510 6/129, χ² (1) = 0.52, p = 0.47 143 Chi-Square test; data not shown). a rate code for running speed ('speed cell') 8 . We calculated a speed score for all recorded 150 cells, whilst mice ran on an L-shaped track, by computing the Fisher-transformed correlation 151 coefficient (z) between instantaneous firing frequency and running speed ( Figure 3A-B ). Units 152 were considered 'speed-modulated' if they had a speed score outside the 5-95 centile range 153 of a shuffled distribution of data produced from 250 shuffles for each cell ( Figure 3C ). In WT 154 mice, 85/150 (57 %) cells had firing rates significantly modulated by running speed, whereas 155 in rTg4510 mice a significantly lower proportion of cells was speed modulated (17/129; 13%; 156 χ² (1) = 56.55, p < 0.0001, Chi-Square test, Figure 3E ). As an overall population, rTg4510 157 MEC units also displayed a significantly lower average speed score compared to WT mice 158 (Median (IQR): WT: z = 0.11(0.31), rTg4510: z = 0.009(0.01), U = 3603, p < 0.0001, Mann-159 Whitney U, n = 150;129 units, Figure 3D ), with cells recorded from rTg4510 mice, on average 160 displaying a running speed correlation close to zero. 161
162
Speed modulated MEC neurons can be broadly split into those that display linear and 163 saturating exponential relationships between running speed and firing rate 9 . To account for 164 this, speed scores were calculated for log transformed data and further classified as linear or 165 exponential by the best regression fit ( Figure S2A ). In WT animals speed-modulated cells 166
showed an approximately equal distribution between linear and saturating running speed χ² (1) = 0.6, p = 0.43 Chi-Square test, Figure S2B ). 170
171
Previous studies have suggested that a small proportion of speed-modulated cells decreased 172 their firing frequency during locomotor activity 8,9 . On the linear track, in WT mice, this 173 population was observed to be consistent with previous reports (~13% of speed modulated 174 cells) 8,9 . In contrast, in rTg4510 mice the proportion of cells with negative speed relationships 175 was substantially and significantly higher (WT: 11/85 units, rTg4510: 7/17 units, χ² (1) = 7.8, 176 p = 0.005, Chi-Square test, Figure S2C ), meaning that speed modulated cells were split much 177 more evenly between positive and negative associations with firing rate. Given that many MEC 178 speed cells are fast spiking in nature 8 , we also assessed the spiking properties the recorded 179 of speed-sensitive units. We found that in WT and rTg4510 mice, a similar proportion (41% 180 and 31%, respectively; χ² (1) = 0.6, p = 0.4, Chi-Square test) of speed-modulated neurons 181 were fast-spiking (mean firing rate >10 Hz) ( Figure S2E ). The proportion of all cells that were 182 classified as fast-spiking was substantially lower in rTg4510 mice (13% vs 30% in WT; χ² (1) 183 = 19.0, p <0.001, Chi-Square test; Figure S2E ), although this likely reflects the overall 184 reduction in mean firing rate in these neurons ( Figure S1E ). 185 186 Speed modulated firing of single units has also been observed in the hippocampus 8,43,44 , so 187 we next sought to determine whether deficits in speed tuning in rTg4510 mice were specific 188 to the MEC, or were also represented downstream in the hippocampus proper. For this 189 purpose, data were taken from previous single unit and local field potential recordings in the 190 hippocampal CA1 region of rTg4510 mice (Booth et al., 2016b) at a similar age point and 191 reanalysed to assess the contribution of locomotor activity to firing rate. In this region, CA1 192 theta band activity in the local field potential was also correlated with running speed in WT 193 mice (linear regression; theta power; WT: R 2 = 0.83, p < 0.001, n = 6 mice), but not in rTg4510 194 mice (linear regression: R 2 = -0.04, p = 0.6, n = 4 mice, Figure S3A ). A significant proportion 195 of CA1 neurons had firing rates modulated by running speed in both WT and rTg4510 mice 196 (WT: 25/46 units, rTg4510: 27/52 units). Importantly however, as seen in MEC recordings, a 197 much greater proportion of CA1 cells were negatively modulated by locomotor activity in 198 rTg4510 mice than in WT controls (WT: 5/25 units, rTg4510:13/27 units; χ² (1) = 4.5, p = 0.03, 199
Chi-Square test, Figure S3F ). accurately encode directional heading information. Therefore, we next sought to establish 204 whether head direction cells 4,5 in the MEC were similarly disrupted in rTg4510 mice. We 205 calculated a head direction score (HD) by determining the mean vector length of circular firing 206 distributions and, as with other functional metrics, we compared observed HD scores with 207 shuffled distributions ( Figure 4A&B ). Importantly, a similar proportion of MEC cells in WT and 208 rTg4510 mice surpassed the 95 th -centile threshold (WT: 19/150, rTg4510: 14/129, χ² (1) = 209 0.79, p = 0.37, Chi-Square test, Figure 4C ). Furthermore, as a population, the HD score was 210 actually slightly, but significantly, higher in rTg4510 cells compared to WT (Median (IQR) 211 vector length: WT: 0.074(0.091), rTg4510: 0.11(0.12), U = 6509, p = 0.0014, Mann-Whitney 212 U, n = 150;129 units, Figure 4B representation 5 . Using the tuning-curve approaches defined above, we found that ~60% of 222 WT cells passed the threshold for only a single functional class of neuron (i.e. grid-, speed-or 223 HD-cells). A further ~25% of WT cells passed the threshold for more than one functional class 224 and were therefore conjunctive cells, whilst the remaining ~20% of cells were unclassified 225 ( Figure S4D ). For example, in this study, only 3% of spatially sensitive cells were pure grid 226 cells, whilst the remaining grid cells also passed the threshold for speed-and HD-modulation 227 ( Figure S4C ). In contrast, due to the substantial reduction in numbers of speed and grid cells, 228 very few rTg4510 cells (~2%) expressed any conjunctive representation ( Figure S4D 
Vulnerability of grid cell firing 250
These results highlight the importance of an intact path integration system in maintaining grid 251 cell periodicity. Several studies have shown a breakdown of grid cell firing patterns after the 252 inactivation of important spatial information streams. For example, inhibition of the medial 253 septum, which controls theta rhythmicity, but also speed modulated inputs, produces a 254 complete breakdown of grid cell periodicity 46,47 . Likewise, inactivation of the anterior thalamic 255 nuclei (ATN) disrupts head direction tuning in the MEC, also impairing the grid cell signal 48 . 256
Inactivation of reciprocal hippocampal inputs into the MEC is also sufficient to produce a 257 breakdown in grid cell periodicity 49 . 258
259
The almost complete breakdown of grid cell firing in rTg4510 mice contrasts with the effect on 260 spatial representation in the hippocampus of these animals. While several studies have shown 261 a reduction in the spatial information and stability of hippocampal place cells 19,26 , firing fields 262 are still consistently present in these mice. Given the pattern of degeneration across the 263 hippocampal formation 39,50-52 , poor place representation 19,26 may be the result of weakened 264 entorhinal inputs 53-55 . Since hippocampal place cells could be thought of as conjunctive 265 integrators of multiple spatial (and non-spatial) input streams, surviving inputs may facilitate 266 encoding of an impoverished spatial representation in these mice 19, 26 . However, the loss of 267 grid/speed input prevents this from being anchored to an egocentric spatial reference frame, 268 resulting decreased spatial stability. Presumably, whatever representation is being encoded 269 by place cells is anchored to an allocentric reference frame. Decreasing the availability of correlating with impairments on a path integration-based task 60 . Path integration has also been 281 suggested to be impaired in populations of dementia and MCI patients 13,15,17 . The direct 282 association between these two factors is still unclear; however, it is likely that grid cell deficits, 283 as described above, directly contribute to the deficits in memory in rTg4510 mice 19, 50 . 284
285

Negative speed modulation of MEC neurons 286
In WT animals, only a small population of MEC neurons display negative relationships with 287 running speed 8, 9 . These data show that during recordings on the linear track, rT4510 mice 288 have a larger proportion of cells that decrease their firing rate with increases in running speed. 289
Interestingly, neurons in the medial septum also display a more even split between positive 290 and negative speed modulation 61 , suggesting that, under normal physiological conditions, the 291 MEC does not simply recapitulate these firing patterns, but integrates this information 292
differently. The precise targets of negatively speed modulated inputs into MEC are unclear; 293 however it is possible that they are more likely to be conjunctive with other spatial information 294 systems, such as grid encoding or head direction. Indeed, negatively speed modulated cells 295 are more likely to be tuned to head direction 9 , which is consistent with the observed increase 296 in mean vector length observed in rTg4510 neurons at a population level (Figure 4) . 297 298
Stability of head direction tuning 299
A further feature of the inactivation studies described above 46-49 is the stability of head 300 direction tuning in the MEC. Blocking medial septum activity impairs grid cell firing, but not 301 head direction tuning 46,47 . Interestingly, the breakdown of grid periodicity after hippocampal 302 inactivation has also been shown to reveal head direction tuning in grid cells that would 303 previously not have been modulated by head direction 49 . It is possible that the small but 304 significant population increase in head direction tuning in rTg4510 mice may reflect this 305 unmasking of head direction inputs from cells that would have previously displayed grid 306 patterns. However, this is a hypothesis that would need to be addressed directly with long 307 term recordings of grid cells as tau pathology increased to critical levels to impair spatial firing 308 patterns. This approach is unlikely to be achieved with current technology. In any case, the 309 arrival of head direction information into the MEC is likely the result of an anatomically distinct 310 pathway 62 that appears to be relatively preserved in the face of the tau pathology burden in 311 rTg4510 mice at this stage. This is most likely due to a greater dependence on subcortical 312 structures, such as the ATN, that integrate vestibular information [63] [64] [65] . 313 314 Impaired running speed representations in rTg4510 mice 315
Theta oscillations show increases in both amplitude and frequency depending on running 316 speed (Figure 1) . Spatially modulated MEC neurons are required to integrate large quantities 317 of multimodal sensory information from their environment. At fast running speeds, the time 318 window for this integration is smaller and it may therefore be necessary to increase the 319 sensitivity of such neurons during locomotion to accurately retrieve spatial associations from 320 memory. In rTg4510 mice, theta oscillation power appears to be independent of running speed 321 meaning that these animals are unable to integrate this information effectively. 322
323
In WT mice, the gamma oscillation power relationship with running speed shows a strong 324 predominance for fast gamma frequencies (Figure 1) . This is consistent with the proposed 325 information flow across the hippocampal formation, in which the MEC provides the input 326 responsible for fast gamma frequencies in CA1 region of the hippocampus 66 . While the CA1 327 area has been shown to display two distinct peaks in the gamma band power spectra, MEC 328 LFP predominantly contains faster gamma frequencies only 66,67 . It is perhaps not surprising 329 then, that differences between genotypes (Figure 1) are only observed at these faster 330 frequencies. For this reason also, conclusions regarding the slow gamma oscillation frequency 331 should be made with caution. While slow gamma frequency has previously be shown to 332 display a negative speed relationship in the hippocampus, MEC correlations are generally 333 thought to be positive 36, 68 . 334
It is also worth noting that rTg4510 mice, like several other models of dementia, exhibit a 335 hyperactive phenotype 52,69-71 , and hence altered patterns of locomotor activity. This may 336 reflect dysregulation of the septohippocampal pathway, activation of which has been shown 337 20 to stimulate movement or alternatively may reflect dysfunction in motor-related brain regions. 338
Nevertheless, whilst it should be noted that rTg4510 mice are experiencing their environment 339 at a generally higher state of arousal, at least in terms of locomotor activity, the key finding of 340 this study is that this locomotor activity is improperly represented in the hippocampal 341 formation. 342 343
Conclusions 344
Overall, these data show a clear breakdown in grid cell periodicity in rTg4510 mice compared 345 to WT controls. In addition, they suggest a role for the dysfunctional processing of locomotor 346 activity in this process, since the representation of running speed information in MEC single 347 units is severely disrupted in these mice, while head direction tuning remains constant, or 348 slightly increased. The changes to MEC single unit firing are likely to have profound 349 implications for the impairments in spatial memory observed in these mice and suggest 350 observable parameters to assess in dementia patient populations, for example through speed 351 modulated fMRI signals in virtual environments. 
Surgical implantation 359
All surgical procedures were conducted using standard sterile and aseptic techniques. 360
Animals were anaesthetized using isoflurane (4%) and fixed into a stereotaxic frame (ASI 361 instruments). Anaesthesia was reduced and maintained at 1-2% during surgery. After careful 362 cleaning of the skull surface, small screws (Antrin Miniature Specialities) were inserted into 363 each bone plate in order to anchor the electrode array. Silver wire (World Precision 364 Instruments) was soldered to a screw overlying the cerebellum to be used as a ground. 365
366
Probes were implanted at 0.2-0.3 mm anterior to the transverse sinus and 3-3.25 mm from 367 midline. Linear probes were implanted and fixed 3 mm below the dura mater and angled at 10 368 degrees in the posterior to anterior direction in the sagittal plane in order to record consistently 369 from layer II/III along the dorsal-ventral axis of the MEC. High density 16-(Neuronexus) or 370 dual shank 32-channel (Cambridge Neurotech) silicone probes were implanted 0.3-0.5 mm 371 below dura at an angle of 5 degrees, also in the posterior direction and subsequently moved 372 slowly into the cortex using their attached microdrive (Cambridge NeuroTech). RelyX Unicem 373 2 dental cement with blue curing light (Henry Schein) were used to anchor the probe to the 374 skull and anchor screws. 375
Data acquisition 376
Animals were given at least 1 week of post-operative recovery before initial recording 377 sessions. Local field potential (LFP) signals were recorded using a Digital Lynx 10S recording interneurons were classified as displaying a spike-width less than 0.35 ms, based on the 416 extracellular properties of PV+ interneurons isolated optogenetically 41 . This approach was 417 taken alone, rather than in combination with average firing rare of neurons, since MEC 418 interneurons have been shown to vary widely in their spike frequency 41 . Neurons were 419 described by a theta modulation index (TMI), based on the fast Fourier transform (FFT) of 420 spike-train autocorrelations, using methods described previously 19,40,75 . Autocorrelations were 421 produced with ± 500 ms lags and 2 ms bin size. The peak at 0 lag was reduced to the next 422 maximal value and the entire function mean-normalised by subtracting the mean from all 423 values. The autocorrelation was tapered using a Hamming window to reduce spectral leakage 424 and FFT calculated. The power spectrum was calculated by dividing the square of the FFT by 425 the transform length (2 16 , scaled to the length of the autocorrelation). TMI was defined as the 426 mean power within 1 Hz of each side of the peak in the theta frequency range (5-12 Hz) dived 427 by the mean power between 0 and 125 Hz. Cells were defined as 'theta modulated' if their 428 TMI was greater than 5. 429 430
Analysis of speed modulated firing 431
Speed modulation of single unit activity was calculated based on analysis described in Kropff 432 et al., (2015) . Running speed and firing rate of individual clusters were calculated for 40 ms 433 bins of data and smoothed across 500 ms using a Gaussian window function. Running speeds 434 from 2-30 cm/s and containing more than 0.5% of total recording duration were used for further 435 analysis. Speed modulation of cells was then defined by the correlation between all running 436 speed and firing rate bins and a speed score calculated using the Fisher-z transformation of 437 the correlation coefficient, r. Observed speed correlations were compared to a distribution of 438 randomly sampled correlations of shuffled data. For shuffling, time stamps were forward-439 shifted by a pseudorandom period between 20 s and the total trial length minus 20 s, with the 440 end of the trial wrapped to the beginning and reanalysed using the method above. Cells were 441 defined as 'speed modulated' if their speed score (z) was greater than the 95 th percentile, or 442 less than the 5 th percentile, of the global distribution of scores produced from at least 250 443 shuffled data sets for each unit (Figure 3) . 444 445
Analysis of head direction properties 446
Head direction was determined by calculating the angle between two LEDs attached to the 447 animal's headstage. Time periods where neither, or only one, of the LEDs were observed 448 above threshold were discarded. Firing rate was calculated for 3º bins of head direction and 449 smoothed, using a Gaussian window over 14º. A 'head direction score' was defined as the 450 resultant mean vector length, calculated from the smoothed firing rate maps. Observed mean 451 vector length was also compared to the 95 th percentile of a distribution of shuffled data 452 produced as above. 
Figure S2: Properties of MEC speed modulated cells. A)
Example negative (i), saturating (ii) and linear (iii) speed-modulated cells, with running speed (grey) and cell firing rate (orange), with average for each speed bin (1 cm/s) (right). Red line: linear/exponential fit for each. B) Proportion of speed modulated mEC cells that are best described by linear and saturating fits for WT and rTg4510 mice. C) Proportion of speed modulated units that show positive (>95 th centile of shuffled distribution) and negative (<5 th centile of shuffled distribution) speed modulation. D) Plot of speed score vs average firing rate, showing faster-spiking cells are more likely to have high speed modulation in WT, but not rTg4510 mice. Ei) Proportion of speed-modulated cells in WT and rTg4510 mice (replotted from Fig 3E) . ii) Proportions of cells classified as fast-spiking (>10 Hz), with breakdown into speed and non-speed modulators for each genotype. iii) Proportion of fast spiking cells which display speed modulation, which shows decreased numbers in rTg4510 mice compared to WT. iv) Proportion of speed modulated cells which are classified as fast spiking shows only small decrease in rTg4510 mice.
Figure S3
: Speed modulation of single units in hippocampal CA1 pyramidal cell layer also shows similar increase in negatively speed modulated firing. A) Normalised theta oscillation amplitude from WT and rTg4510 mice with increasing running speed, with average linear regression above (WT: R 2 = 0.83, p < 0.001, n = 6 mice; rTg4510: R 2 = -0.04, p = 0.6, n = 4 mice). B) Example speed-modulated cells recorded from the CA1 pyramidal cell layer. The cell on the left (i and ii) was positively speed-modulated, whilst the cell on the right (iii and iv) was negatively speed-modulated. C) histograms of speed scores for WT and rTg4510 mice. 5 th and 95 th centiles of shuffled data shown as dotted lines. D) box plot comparing speed scores between the two genotypes E) Proportion of cells passed criteria for speed modulated firing is approximately even between genotypes (WT: 25/46 units, rTg4510: 27/52 units). F) Increased proportion of negatively speed modulated units in CA1 in rTg4510 mice, compared to WT controls (WT: 5/25 units, rTg4510:13/27 units; χ² (1) = 4.5, p = 0.03, Chi-Square test).
Figure S4
: Conjunctive representation of grid, head direction and running speed in WT and rTg4510 mice. A) Example grid (i), head direction (ii) and speed (iii) cells taken from the highest modulation scores from WT (top) and rTg4510 (bottom) mice, showing spatial firing patterns with 2D spatial autocorrelation, head direction tuning and running speed-firing rate relationship and corresponding score (SI: spatial information, HD: mean vector length, Z: speed score). B) Proportions of grid, head-direction and speed modulated cells recorded in mEC, showing reduced number of grid and speed, but not head-direction, cells passing threshold (95% centile of shuffled distribution). C) Conjunctive proportions of grid cells (i), head direction cells (ii) and speed modulated cells (iii) recorded from WT and rTg4510 mice scaled to 100%. D) Breakdown of units from WT and rTg4510 mice that satisfied a single criteria (class), multiple criteria (conj) or no discernible firing pattern (other). Key, G: grid, S: speed, HD: head direction, G-S: grid-speed, G-HD: grid-head direction, G-S-HD: grid-speedhead direction, SnegHD: negative speed-head-direction, Sneg: negative speed, Class: classed as cell type, Conj: conjunctive representation (more than 1 classification), other: not classified as grid, speed or HD.
